Glutamate-gated AMPA receptors mediate the fast component of excitatory signal transduction at chemical synapses throughout all regions of the mammalian brain. AMPA receptors are tetrameric assemblies composed of four subunits, GluA1-GluA4. Despite decades of study, the subunit composition, subunit arrangement, and molecular structure of native AMPA receptors remain unknown. Here we elucidate the structures of 10 distinct native AMPA receptor complexes by single-particle cryo-electron microscopy (cryo-EM). We find that receptor subunits are arranged nonstochastically, with the GluA2 subunit preferentially occupying the B and D positions of the tetramer and with triheteromeric assemblies comprising a major population of native AMPA receptors. Cryo-EM maps define the structure for S2-M4 linkers between the ligand-binding and transmembrane domains, suggesting how neurotransmitter binding is coupled to ion channel gating.
and cornichons, that further modulate receptor properties (16) (17) (18) (19) (20) . The GluA2 subunit is central to AMPAR function, not only because it is widely expressed throughout the brain but also because most GluA2 RNA transcripts undergo editing, in which a pore-lining Q (glutamine) residue becomes a cationic R (arginine), resulting in calcium-impermeable ion channels (20, 21) . Immunoprecipitation (22) and single-cell genetic (23) studies suggest that diheteromeric GluA1-GluA2 and GluA2-GluA3 receptors are the most common assemblies in the mammalian brain. Despite advances in AMPAR studies, however, the previous experiments largely involve averages over ensembles of receptor populations, and thus the actual subunit stoichiometry, subunit arrangement, and molecular structures of individual, native AMPARs (nAMPARs) remain unknown.
The first structural studies of an intact recombinant AMPAR showed that the four GluA2 subunits were arranged with overall twofold symmetry, with the extracellular amino-terminal domains (ATDs) and the ligand-binding domains (LBDs) organized as a dimer of dimers (24) . In resting and nondesensitized activated states, AMPARs adopt a Y-like shape, with broad and narrow "faces" (25, 26) . More recently, however, structures of a recombinant heteromeric GluA2-GluA3 receptor show an O-like shape with GluA2 and GluA3 subunits in the A/C and B/D subunit positions, respectively (27) . To faithfully define the subunit stoichiometry and arrangement of nAMPARs, and to map the positions of auxiliary subunits, we isolated native receptors, tagged GluA1-GluA3 subunits with specific antibody fragments and elucidated reconstructions of 10 distinct nAMPARs by single-particle cryo-EM.
Characterization of antibody fragments against AMPAR subunits
To elucidate the architecture of nAMPARs, we used subunit-specific antibody fragments to isolate receptor complexes and to label specific subunits. We generated three monoclonal antibodies (mAbs), 11B8, 15F1 (28) , and 5B2, against the GluA1, GluA2, and GluA3 subunits, respectively. To isolate the nAMPAR complex from rat brain, we used the 11B8 single-chain variable domain (scFv) or the 15F1 Fab, both coupled to C-terminal affinity tags. The 5B2 Fab was produced by papain cleavage of purified mAb. We next carried out fluorescence-detection, size-exclusion chromatography experiments (FSECs) (29) using the scFv and Fabs, in combination with fluorescently labeled homomeric GluA1-GluA4 receptors, to define antibody fragment subunit specificity and to estimate affinity. The antibody fragments form complexes with their cognate AMPAR subunits at nanomolar concentrations ( fig. S1 ).
The nAMPAR complex is widely distributed in the central nervous system and consists of synaptic and extrasynaptic AMPARs (30, 31) . Synaptic AMPARs are positioned in the postsynaptic density (PSD) by direct interactions between receptor auxiliary proteins and PSD-95, which is predominantly associated with PSD membranes (32) . We first asked if digitonincontaining buffer, which allows for isolation of the recombinant AMPAR-TARP g2 complex (25) , releases synaptic AMPARs from the PSD. After solubilization of membranes with digitonin, insoluble material was treated with solutions augmented by 1% Triton X-100 and 1% sodium deoxycholate (w/v), conditions that are routinely employed to solubilize the PSD (33, 34) . On the basis of Western blot analysis, a substantial fraction of the PSD-95 from the membrane preparation was rendered soluble with digitonin ( fig.  S1H ), suggesting that digitonin releases synaptic AMPARs from the PSD. We note that compared with the synaptic AMPARs, extrasynaptic AMPARs are not bound by synaptic scaffolding proteins and should be more readily extracted by mild detergents, such as digitonin. Thus, we hypothesize that our purified sample is composed of synaptic and extrasynaptic AMPARs.
Mapping the GluA1 or GluA2 subunits in the nAMPAR complex
To define the locations of the GluA1 or GluA2 subunits in nAMPARs, we separately incubated the solubilized membranes with an excess of the StrepII-tagged 11B8 scFv (anti-GluA1) or 15F1 Fab (anti-GluA2), respectively, without additional scFv and Fab labeling. GluA1-or GluA2-containing nAMPARs were isolated by affinity chromatography and further purified by size exclusion chromatography (SEC) for cryo-EM studies ( fig. S2 , A and J). For the GluA1-containing, 11B8 scFv single-tagged nAMPAR-11B8 complex, we observed densities protruding from two sides of the ATD layer in some of the two-dimensional (2D) classes, owing to bound 11B8 scFv ( fig. S2 , B and C). Three-dimensional (3D) classification yielded three classes featuring two 11B8 scFvs at the A and C positions, one 11B8 scFv at either the A or C position, and the final class with a splayed ATD layer, with the 11B8 scFv not well defined ( fig. S2 , D, G, and I). The other non-11B8 scFv-labeled subunits could be GluA2, GluA3, or GluA4. The doubly bound 11B8 scFv class accounted for 57% of total particles (table S1) . Subsequent ligand-binding domain and transmembrane domain (LBD-TMD)-focused classification resolved two different classes, with or without two auxiliary proteins associated with the receptor TMD at the B′-D′ positions underneath the B-D LBDs, but with density for the M2 helices weak or absent in both maps ( fig. S2 , E and F). This result is consistent with previous studies showing that fully occupied auxiliary subunits are essential to stabilize M2 helices (25) . We also carried out ATD-focused refinement for the singly bound 11B8 scFv class and obtained a map at~8.0-Å resolution. To explore the composition of the non-scFv-bound A/C subunit of this complex, we separately docked the structures of all four GluA1-GluA4 ATDs into the density at the non-scFv-bound A/C position of the complex. Upon inspecting the fit of the structures to the maps, we found that the GluA3 or GluA4 ATDs are more compatible with map features, especially at predicted glycosylation sites involving Asn 35 and Asn 352 in GluA3 (or Asn 35 and Asn 350 in GluA4; fig. S2 , G and H). We thus conclude that the GluA1 subunit tends to occupy the A or C sites in the receptor and that, in some of the nAMPARs composed of a single GluA1 subunit, there is a GluA3 or a GluA4 subunit at the remaining A/C position.
In the GluA2-containing, 15F1 Fab singletagged nAMPAR-15F1 Fab complex, particles on micrographs and the 2D classes show 15F1 Fab densities protruding from the middle of the ATD layer and perpendicular to the membrane, suggesting that the GluA2 subunit occupies different positions in the nAMPARs in comparison to the GluA1 subunit ( fig. S2, K and L) . Further 3D classification generated three classes. Class I is the largest population, with two 15F1 Fabs at the B and D positions and GluA1, GluA3, or GluA4 at the A and C positions ( fig. S2M and table S1). Here, the ATD layer is also organized as a dimer of dimers, and focused reconstruction gives rise to a 6.7-Å map. The secondary structural elements are well defined, especially for the GluA2 subunits at B and D positions. The ATD from a homomeric GluA2 crystal structure was docked into the density and all of the secondary structural elements agree well with the density map ( fig. S2N ) (24) , demonstrating that the GluA2 ATD dimer-dimer interface is conserved between homomeric receptors and the native heteromeric receptor. We also observed two small populations featuring 15F1 Fab labeling at the A, B, and D or A and D positions ( fig. S2 , O and P, and table S1).
Architecture and symmetry of GluA2-containing nAMPARs To unambiguously explore subunit composition and spatial arrangement of the GluA2 containing 11B8-, 15F1-, and 5B2-tagged nAMPARs, we isolated nAMPARs using the 15F1 Fab from digitonin-solubilized material and then incubated them with an excess of 11B8 scFv and 5B2 Fab, followed by SEC (Fig. 1, A and B) and cryo-EM grid preparation. Western blots confirmed the presence of the GluA1-GluA4 subunits, as well as PSD-95, in the final sample (Fig. 1C) . Radiolabel binding studies using 3 H AMPA showed that the purified nAMPAR harbors active agonist binding sites (Fig. 1D) .
To independently estimate the relative abundance of each of the AMPAR subunits, we carried out liquid chromatography-selected reaction monitoring (LC-SRM) mass spectrometry experiments, using three surrogate peptides per subunit and heavy isotope-labeled peptide internal standards ( fig. S3 ). Our results indicated that in all preparations, the GluA2 subunit was most abundant. This was followed by GluA1 with a roughly 2:3 ratio compared to GluA2, with the GluA3 and GluA4 subunits in overall lower, yet approximately equivalent, abundance (Fig. 1E) .
We next measured a single-particle dataset on the GluA2-containing 11B8-, 15F1-, and 5B2-tagged nAMPAR complex, purified using the 15F1 Fab (anti-GluA2) and incubated with the 2 of 8 antagonist MPQX, the 11B8 scFv (anti-GluA1), and the 5B2 Fab (anti-GluA3). Two-dimensional classification revealed 11B8 scFv and 15F1 Fab features ( fig. S4 ), consistent with observations derived from the nAMPAR-11B8 and nAMPAR-15F1 datasets (fig. S2, C and L). Additional 2D classes were resolved that featured a crownlike ATD layer due to bound 5B2 Fab ( fig. S4 ).
All of the particles showing typical receptor features were subjected to 3D reconstruction followed by ATD-focused refinement and multiple rounds of 3D classification focused on the antibody fragments, ultimately resulting in 10 distinct nAMPAR complexes ( fig. S4 ). These 10 complexes are representative of nAMPARs across the whole brain, and thus deconvolution of subunit composition and spatial arrangement of nAMPAR in specific brain regions will require further study.
In our cryo-EM analysis, GluA1-GluA2 or GluA2-GluA3 heteromers are predominant populations. For the GluA1-GluA2 complex, the major population has two GluA1 subunits at the A and C positions and two GluA2 subunits at the B and D positions. We thus define this complex as A1A2A1A2, where the subunits occupy the ABCD positions of the receptor, respectively ( Fig. 2A ) (24) . A minor population is composed of a 1:3 heteromer of GluA1:GluA2, with GluA1 at the C position and GluA2 at the A-B-D positions, yielding a A2A2A1A2 complex (Fig. 2B) . The GluA2-GluA3 complex was also determined with stoichiometries of either 2:2 or 3:1 that are the major A3A2A3A2 assembly and the minor A2A2A3A2 complex (Fig. 2, C and D) .
In addition to diheteromeric nAMPARs, analysis of the nAMPAR-11B8-15F1-5B2 dataset unambiguously revealed a previously unknown triheteromeric A1A2A3A2 complex, featuring an 11B8 scFv on one side and a 5B2 Fab on the other side of the ATD layer, in accord with class II in the nAMPAR-11B8 dataset showing nonequivalent A and C subunits (fig. S2, G and H). Notably, this complex comprises the largest population of particles (25%; table S1 and fig. S4 ). We also discovered a native homomeric GluA2 complex (Fig. 2F) , accounting for 1.1% of total particles (table S1 and fig. S4 ). We did not observe this complex in the nAMPAR-15F1 dataset, likely due to the smaller size of the dataset.
We also discovered four complexes that have a single nontagged subunit and that we define as A1A2AxA2, AxA2A3A2, A2AxA1A2, and A2AxA3A2, where "Ax" represents a subunit not bound by an scFv-Fab domain (Fig. 2 , G to J). These untagged subunits could be the result of a scFv-Fab domain dissociating from the complex or they could represent a GluA4 subunit. These complexes account for a substantial portion of total particles (~29%; Fig. 2K ). Because FSEC experiments show that the scFv-Fab-receptor complex is stable, on the time scale associated with receptor isolation ( fig. S1 , E to G), we suggest that a substantial fraction of the complexes harbor the GluA4 subunit. Thus, GluA4 might form four different triheteromeric nAMPARs with GluA2 and with GluA1 or GluA3. We note that GluA4 can also access the B position and interact with the GluA2 ATD to bridge the ATD dimer of dimers, unlike the GluA1 or GluA3 subunits, which do not substantially populate the B or D positions ( Fig. 2L and table S2) . Moreover, the AMPAR subunit distribution determined by cryo-EM is consistent with the results of mass spectrometry experiments ( fig. S3N) .
We next carried out focused classification and refinement on the three major complexes-A1A2A1A2, A3A2A3A2, and A1A2A3A2-dissecting the structures into the scFv-Fab-ATD, ATD-LBD, and LBD-TMD layers and achieved reasonable maps (figs. S5 and S6 and table S3). Glycosylation sites found in crystal structures are compatible with the cryo-EM maps, and thus the subunitspecific glycosylation further bolsters subunit Zhao identification ( fig. S7, A to C and G) . Moreover, these scFv-Fab-ATD density maps unambiguously define how the antibody fragments bind to their cognate subunit. The residues involved in the ATD and scFv-Fab interfaces are spread throughout elements of secondary structure and are not conserved between subunits, consistent with the conclusion that the antibody fragments bind to conformational, subunit-specific epitopes ( fig. S7, D to G) . Our cryo-EM study requires that the scFv-Fab fragments access the requisite subunits at the A-B-C-D positions without steric hindrance. The 15F1 Fab (GluA2) can access all four positions because we observed the homomeric GluA2 structure with four bound Fabs (Fig. 2F) . We next superimposed the 11B8 scFv-GluA1 ATD structure on the homomeric GluA2 ATD layer and found that one 11B8 scFv can access the B or D positions without steric clash and that there are only a few overlaps when two 11B8 scFvs occupy both the B and D positions ( fig. S8, A and  B) . Notably, we did not observe any 11B8 labeling at the B or D positions. The superimposition of the 5B2 Fab-GluA3 ATD on the homomeric GluA2 ATD layer demonstrates that the 5B2 Fab can access all four positions simultaneously ( fig.  S8C ). We thus conclude that the locations of the GluA1 and GluA3 subunits at the A and C positions are not biased by sterically restricted 11B8 scFv or 5B2 Fab labeling (Fig. 2L) . We do not find evidence, in the cryo-EM reconstructions, for extracellular auxiliary proteins, such as N-cadherin or pentraxin (35, 36) , presumably because these proteins dissociated during complex isolation.
Architecture of the GluA2-GluA3 complex
The major population of the nAMPAR GluA2-GluA3 complex has a Y shape and consists of three layers-the ATD, LBD, and TMD (Fig. 3A) . The GluA3 subunits occupy the A-C positions and GluA2 subunits reside in the B-D positions, suggesting that the GluA2 subunit may play a greater role in gating (37) . Like GluA2 homomers (24), the A3A2A3A2 complex displays a dimer-ofdimers organization of the ATD and LBD layers, with domain swapping from the ATD layer to the LBD layer. Within the ATD layer, the GluA3 subunits at the A and C positions form local ATD heterodimers with GluA2 subunits from the B and D positions, respectively. By contrast, in the LBD layer, GluA3 subunits in the A and C positions form local LBD heterodimers with GluA2 subunits from the D and B positions, respectively. Distinct from the twofold related ATD and LBD layers, the TMD ion channel adopts pseudo-fourfold symmetry, thus resulting in symmetry mismatch between the LBD and the TMD layers and generating two distinct subunit pairs, the proximal A-C and the distal B-D pairs (Fig. 3B) . Like the A3A2A3A2 complex, all of the other complexes have a similar domain organization (Fig. 2, A to J) .
The structure of the nAMPAR GluA2-GluA3 complex provides an opportunity to compare it with the recombinant GluA2-GluA3 structure (rGluA2-GluA3) (27) . Unexpectedly, the rGluA2-GluA3 structure has the GluA2 subunit at the A-C positions and the GluA3 subunit at the B-D positions (Fig. 3D) , and the conformation of the ATD layer is more compact (O shape), which brings the ATD closer to the membrane bỹ 16 Å, relative to the nAMPAR A3A2A3A2 complex (Fig. 3, C and D) . Although the authors hypothesized that the GluA2-GluA3 receptor transits between the O shape and the N shape of the nAMPARs, we did not observe any O-like class or any with a compacted ATD layer in our nAMPAR reconstructions, even though the 15F1 and 5B2 Fabs can label the compacted ATD layer ( fig. S8D) . Thus, we propose that in the rGluA2-GluA3 study (27) , heterologous expression and cross-linking lead to a non-native subunit arrangement and a physiologically irrelevant receptor conformation.
Organization and conformation of the ATD and LBD layers
In all of the 10 nAMPAR complexes, the ATD layer forms a dimer-of-dimers assembly bridged by subunits at the B and D positions (Fig. 2, A  to J ). In the three major populations, the assembly of the ATD layer is nearly identical to the homomeric GluA2 complex (Fig. 4 , A to D) (24) . Within the B-D interface, a histidine in GluA2 (His208 GluA2 ), close to the overall pseudotwofold axis, is positioned near the negative dipole end of the a7 helix of an opposing subunit (24), perhaps forming a favorable chargehelix dipole interaction (Fig. 4E) . Sequence alignment reveals that the His208 GluA2 is conserved in GluA3 and GluA4 but is not present in GluA1 (fig. S7G) . Superimposition of the crystal structures of the GluA3 or GluA4 ATDs (27, 38) to B-D positions of the homomeric GluA2 ATD structure (24) indicates that the structure around the dimer-dimer interface is nearly identical in GluA2, GluA3, and GluA4 ( fig. S8, E and F) , consistent with the GluA2 and GluA4 subunits forming a stable heteromeric ATD dimer-dimer interface (Fig. 2, G to J) . When the GluA1 ATD (39) is similarly examined, we found clashes between the two GluA1 subunits or between the GluA1 and GluA2 subunits ( fig. S8G ). Considering 4 of 8 that His208 GluA2 is not conserved in GluA1, we speculate that the ATD dimer-of-dimers assembly is disfavored or perhaps even disrupted if GluA1 occupies one or both of the B and D positions. In the nAMPAR-11B8 dataset, we found blurred ATDs in some 2D classes and splayed opened ATD layers in 3D classification ( fig. S2 , C and I). Thus, we suggest that when GluA1 accesses the B or D positions, there is a tendency for the receptor to adopt an ATD "splayed opened" complex. The splayed opened ATD was only resolved in the 11B8 scFv-isolated nAMPAR complex and was not found in the 15F1 Fab-isolated nAMPAR complex (figs. S2I, S4), indicating that the former complex could be a GluA2-lacking, calcium-permeable GluA1 homomer, GluA1-GluA3 heteromer, or GluA1-GluA4 heteromer, receptor complexes that may be present in the brain and potentially relevant to forms of synaptic plasticity and learning (22, 23, 40, 41) .
To address why specific subunits are found in particular positions of the AMPA receptor complex, we note that the ATDs at the A and C positions are more accessible for protein binding than ATDs at the B and D positions because the proximal B-D subunit interactions across the ATD dimer-dimer interface occlude ATD surface area ( fig. S8A) . Thus, we speculate that the GluA1 and GluA3 subunits lie at the A and C positions and are more accessible for interactions with synaptic or trafficking proteins (Fig. 2L) . This is consistent with a study showing that the GluA1 ATD, rather than the GluA2 ATD, is critical for synaptic trafficking of AMPARs by possible interactions with proteins in the synaptic cleft (42). Zhao The distance between ATD-LBD layers is shorter in the A3A2A3A2 complex than in the A1A2A1A2 structure (Fig. 4, A and B) . Thus, the GluA1 ATD is~10 Å farther away from the LBD layer in comparison with the GluA3 subunit, ablating nearly all ATD-LBD interaction (Fig. 4, F and G). To explore if different ATD-LBD interfaces could influence LBD arrangements, we compared LBD layers from A1A2A1A2 and A3A2A3A2 complexes using one of the LBD dimers as a reference. Although there is no clear difference detected between the heteromeric LBD dimers of GluA1-GluA2 and GluA2-GluA3, the gating ring formed by two LBD dimers is less expanded in the A3A2A3A2 complex ( fig. S9, A to C) . The difference is subtle in the current antagonist-bound state, but we speculate that the ATD layer might act as a clamp to restrict the LBD layer rearrangement during activation, desensitization, or recovery from desensitization through ATD-LBD interactions at the A-C positions, consistent with the ATD affecting gating kinetics (43) .
S2-M4 linker is positioned to modulate gating
RNA splicing sites are located at helix J/K of the LBD layer and within the S2-M4 linker connecting the LBD and TMD layers ( fig. S9A and Fig. 5A ), yielding flip and flop variants that differ in gating kinetics (12, 44, 45) .The structure of the S2-M4 linker has not been resolved previously, but there is interpretable density for the S2-M4 linker in all of three major nAMPAR complexes, allowing us to fit the main chain (Fig.  5, A to C) . The flip-flop splicing site adopts a similar conformation in different subunits, forming a hook-shaped structure in combination with helix K (Fig. 5, A to C) . Because the nAMPAR sample is composed of flip and flop isoforms, the S2-M4 linker density is weaker than the other LBD-TMD linkers, consistent with chemical heterogeneity and possible additional conformational flexibility. To understand if the hook shape of the S2-M4 linker in nAMPAR complexes is present in previously determined structures, we inspected cryo-EM maps of antagonist-bound MPQX GluA2 flop -TARP g2 and GluA2 flip -TARP g2 complexes (25, 46) , finding a similar feature in the latter, suggesting that the densities of the splice regions in the nAMPAR complexes arise from the flip isoform ( fig. S9D ). In agreement with this hypothesis, there is no density for a flop splicing site in the GluA2 flop -TARP g2 maps ( fig. S9E ), likely because the sequence is glycine rich (Ser-Gly-Gly-Gly-Asp) and conformationally heterogeneous.
The S2-M4 linker is positioned near the receptor's central axis through the hook-shaped splicing site (Fig. 5, A and B) . Contacts between the S2-M4 linkers and the gating-critical M3-S2 linkers from adjacent subunits were identified in all four subunits. Moreover, the splicing sites of the B and D subunits also interact with helices E from adjacent subunits (Fig. 5, D and E) . We thus tested the role of the S2-M4 linker region in ion channel gating, noting that there is a possible cation-p interaction between Tyr 768 (Y768) and Lys 776 (K776), within the hook-shaped conformation of the A3A2A3A2 complex. Both side chains were well fit in the density map (Fig. 5F) , with the conserved Y768 located at the C terminus of helix K and K776 within the flip-flop cassette (Fig. 5G) . To investigate the functional role of the flip-flop splicing sites on the S2-M4 linker, we designed a double mutation Y768A-K776G in the context of the full-length wild-type flip GluA2 construct and performed outside-out patch-clamp recording experiments ( fig. S9F ). Whereas the desensitization rate of the double mutant is 7.6 ± 0.34 ms (n = 8, where n is the number of independent recordings.), comparable to 8. (n = 9) of the wild-type flip isoform and about threefold slower than 2.1 ± 0.09 ms (n = 10) of the flop isoform (Fig. 5H) , the double mutant has a significantly reduced Iss/Ipeak ratio, from 1.88 ± 0.31% (n = 10) of the wild-type flip isoform to 0.75 ± 0.11% (n = 9), similar to the flop variant (Fig. 5I) . Although further studies are required to fully elaborate the roles of the S2-M4 linker in ion channel gating, these experiments are consistent with the structural observation that the S2-M4 linker is positioned close to regions important for ion channel gating.
Assembly of auxiliary proteins in the nAMPAR complex
To explore the function of the nAMPAR preparation, we carried out two-electrode voltage-clamp (TEVC) experiments using oocytes injected with proteoliposomes reconstituted with the complex. These experiments show that kainate, a partial agonist, elicits~50% of the current of glutamate, a full agonist, illustrating that auxiliary proteins, such as TARPs, are retained in the nAMPAR complex ( Fig. 6A ) (47) . Western blot analysis bolsters this hypothesis and indicates the presence of TARP g2, as well as smaller quantities of TARP g8 and cornichon 2/3 (Fig. 6B) . Cryo-EM maps of the three major complexes reveal density for four auxiliary proteins surrounding the receptor TMD, each with four TM helices (Fig. 6 , C and D). Because there is high sequence identity within the LBD and the TMD layers between the GluA1-GluA4 subunits, the LBD-TMD density map was improved by 3D refinement using all particles from the three major complexes. The resulting map (LBD-TMD merged map) clearly defines the positions of the TM helices with resolved helix grooves and protrusions for bulky side chains (Fig. 6C ). Phosphorylation and palmitoylation of the nAMPAR complex affects receptor trafficking and pore properties and occurs at the C terminus of receptor subunits (13) (14) (15) . However, these regions of the receptor are not resolved in the density maps, likely because of conformational heterogeneity. On the basis of the LBD-TMD merged map and the Western blot data, we tentatively assigned the density at the B′/D′ positions as TARP g2 (Fig. 6E) . We observed side-chain density features at the B′/D′ positions that include Y96, Y156, W178, F187, and F201, residues that are conserved across TARP subunits (fig. S9, G and H). However, the auxiliary subunit density at the A′/C′ positions has fewer features, and the density for the TM helices is weaker than that at the B′/D′ positions. Thus, we conclude that different auxiliary proteins may access the A′/C′ and the B′/D′ positions and that there is a preference for a TARP, such as g2, at the B′/D′ positions (Fig. 6, E and F) . We hypothesize that TARP subunits at the B′-D′ positions play an important role in modulating channel activation and desensitization by interactions between the LBD KGK motifs and the TARP g2 acidic loops (26) . Occupancy of A′-C′ positions by auxiliary subunits may be more permissive, by contrast, with multiple distinct auxiliary subunits participating in additional functional activities.
Here we elucidated the molecular structures of 10 nAMPAR complexes, illuminating the spectrum of subunit composition, stoichiometry, and arrangement and demonstrating the existence of a substantial population of triheteromeric nAMPARs composed of GluA1, GluA2, and GluA3 subunits. We show how subunit arrangement is nonstochastic, with the GluA2 subunit preferentially occupying the B and D positions and the GluA1 and GluA3 subunits predominantly Zhao accessing the A and C positions. In the three major complexes, we consistently observed a more extensive ATD-LBD interface in the GluA3 subunit than in the GluA1 subunit, leading to a subtle rearrangement of LBD dimers, which suggests how the ATD layer is poised to modulate receptor function. The S2-M4 linkers were clearly resolved and were "plugged" into the gating machinery by the hook-shaped splicing site, interacting with M3-S2 linkers from adjacent subunits and thus poised to modulate receptor gating. The nAMPAR complex involves an ensemble of auxiliary proteins (19, 20) , and our studies show how the A′/C′ and B′/D′ positions have distinct density features, with the B′/D′ positions described by occupancy of TARP subunits and the A′/C′ sites with less well resolved density features, consistent with occupancy by a broader spectrum of auxiliary subunits.
